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A polarity complex of PAR-3, PAR-6, and atypical
protein kinase C (aPKC) functions in various cell
polarization events. PAR-3 directly interacts with
Tiam1/Taim2 (STEF), Rac1-specific guanine nucleo-
tide exchange factors, and forms a complex with
aPKC-PAR-6-Cdc42GTP, leading to Rac1 activa-
tion. RhoA antagonizes Rac1 in certain types of cells.
However, the relationship between RhoA and the
PAR complex remains elusive. We found here that
Rho-kinase/ROCK/ROK, the effector of RhoA, phos-
phorylated PAR-3 at Thr833 and thereby disrupted
its interaction with aPKC and PAR-6, but not with
Tiam2. Phosphorylated PAR-3 was observed in the
leading edge, and in central and rear portions of mi-
grating cells having front-rear polarity. Knockdown
of PAR-3 by small interfering RNA (siRNA) impaired
cell migration, front-rear polarization, and PAR-3-
mediated Rac1 activation, which were recovered
with siRNA-resistant PAR-3, but not with the phos-
pho-mimic PAR-3 mutant. We propose that RhoA/
Rho-kinase inhibits PAR complex formation through
PAR-3phosphorylation, resulting in Rac1 inactivation.
INTRODUCTION
Cell migration is a fundamental process in all organisms that is
stringently regulated during tissue development, chemotaxis,
and wound healing. For a cell to migrate directionally, it must
have ‘‘front-rear’’ polarity, typically with a front leading edge
and rear tail (Ridley et al., 2003). Signaling crosstalks among
the Rho family small GTPases play roles in establishing and
maintaining front-rear polarity (Ridley et al., 2003). RhoA, Rac1,
and Cdc42 regulate stress fiber, lamellipodia, and filopodia for-
mation, respectively (Jaffe and Hall, 2005). Rac1 activity antago-
nizes RhoA activity and vice versa in certain types of cells, in-
cluding N1E-115 neuroblastoma cells and HeLa cells (Burridge
and Wennerberg, 2004; Kozma et al., 1997; Tsuji et al., 2002).
The activation of Rac1 and Cdc42 and the inactivation of RhoADeveare observed near the leading edge of neutrophils, whereas
the inactivation of Rac1 and Cdc42 and the activation of RhoA
are observed in the tail region (Xu et al., 2003; Kraynov et al.,
2000; Nalbant et al., 2004; Pertz et al., 2006). In migrating fibro-
blasts, although the activation of Rac1 and Cdc42 is dominant at
the leading edge, the activation of RhoA is also observed (Pertz
et al., 2006). Sustained activation of Rac1 and RhoA inhibits po-
larized migration of fibroblasts (Pankov et al., 2005), indicating
that mutual antagonism between RhoA and Rac1 is important
for front-rear polarity and polarized cell migration. Rac1 activity
is increased in fibroblasts and neutrophils upon treatment with
Y-27632, an inhibitor of Rho-kinase/ROCK/ROK (an effector of
Rho), suggesting that Rho-kinase is involved in Rac1 inactivation
(Tsuji et al., 2002; Katsumi et al., 2002; Xu et al., 2003).
The activity of Rho family GTPases is regulated by guanine
nucleotide exchange factors (GEF), GTPase-activating proteins
(GAP), and GDP dissociation inhibitors (GDI) (Jaffe and Hall,
2005). GAPs are thought to play important roles in signaling
crosstalks among the Rho family GTPases. The Rac1-induced
production of oxygen radicals causes the inhibition of the
low molecular weight protein tyrosine phosphatase (LMW-
PTP), leading to increased phosphorylation and activation of
p190RhoGAP, which results in the inactivation of RhoA (Nimnual
et al., 2003). FilGAP, the GAP for Rac1, appears to mediate the
Rho-kinase-dependent downregulation of Rac1 (Ohta et al.,
2006). However, the involvement of GEFs in RhoA-induced
Rac1 inactivation remains elusive.
A polarity complex of PAR-3, PAR-6, and atypical protein
kinase C (aPKC) functions in various cell polarization events
(Knoblich, 2001; Ohno, 2001; Suzuki and Ohno, 2006). The PAR
complex mediates Cdc42-induced Rac1 activation. Activated
Cdc42 binds to PAR-6 (Joberty et al., 2000; Lin et al., 2000).
PAR-3 directly interacts with Tiam1/2, Rac1-specific GEFs
(Nishimura et al., 2005; Chen and Macara, 2005; Mertens et al.,
2005), and Tiam1/2 forms a complex with PAR-3-aPKC-PAR-
6-Cdc42GTP, thereby mediating Cdc42-induced Rac1 activa-
tion, which plays important roles in the establishment of neuronal
polarity (Nishimura et al., 2005). During cell migration, the spe-
cific activation of the complex of aPKC-PAR-6-Cdc42GTP at
the leading edge is essential for determining microtubule-orga-
nizing center (MTOC) orientation (Etienne-Manneville and Hall,
2003). PAR-3 together with aPKC regulates polarized cell migra-
tion partly through Numb-mediated endocytosis of integrinlopmental Cell 14, 205–215, February 2008 ª2008 Elsevier Inc. 205
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PAR-3-Tiam1 complex controls front-rear polarity during cell
migration (Pegtel et al., 2007). However, little is known about
regulation mechanism of the PAR complex during cell migration.
In the light of these observations, we examined the relation-
ship between the PAR complex and RhoA/Rho-kinase pathway,
and found that Rho-kinase phosphorylated PAR-3 and thereby
inhibited PAR complex formation, resulting in Rac1 inactivation.
RESULTS
Suppression of Cdc42-Induced Rac1 Activation
by RhoA/Rho-Kinase
We first examined the effects of RhoA/Rho-kinase on Cdc42-
induced Rac1 activation. The constitutively active form of Cdc42
(Cdc42 CA) and treatment with Y-27632 increased the amount
of the GTP-bound form of Rac1 in COS7 cells (Figure 1A). The
Figure 1. Suppression of Cdc42-Induced
Rac1 Activation by RhoA Activation
(A) Effect of RhoA and Rho-kinase on Cdc42-in-
duced Rac1 activation in COS7 cells. COS7 cells
were transfected with the indicated plasmids and
GFP-Rac1-wild-type (WT). Twenty-four hours af-
ter transfection, cells were incubated with or with-
out 30 mM Y-27632 for 6 hr. COS7 cell lysates were
incubated with GST-PAK-CRIB to precipitate the
GTP-bound form of Rac1. Amounts of GTP-bound
and total Rac1 were determined by immunoblot-
ting with anti-GFP antibody. The relative ratio of
Rac1-GTP to total Rac1 is shown at the bottom.
Data are means ± SD of at least three independent
experiments.
(B and C) Effect of LPA on Cdc42-induced lamelli-
podia formation in N1E-115 cells. (B) N1E-115
cells were transfected with the indicated plasmids,
stimulated with 0.5 mM LPA or saline for 5 min,
fixed, and stained with anti-GST antibody (to visu-
alize the cotransfected GST) and with phalloidin (to
visualize F-actin). Phalloidin-staining images are
shown. Scale bar, 20 mm. (C) GST-positive cells
were scored by the presence of filopodia, lamelli-
podia, or contracted morphology (corresponding
to rounder cell morphology). The cells with both
lamellipodia and filopodia were scored depending
on which phenotype was dominant. Data are
means ± SD of at least three independent experi-
ments. Asterisks indicate that there is a significant
difference from the value of control cells with
lamellipodia (*p < 0.05).
constitutively active form of RhoA (RhoA
CA) and the constitutively active form of
Rho-kinase (Rho-k cat) inhibited Cdc42
CA-induced Rac1 activation (Figure 1A).
The inhibitory effects of RhoA CA and
Rho-k cat were partially restored by treat-
ment with Y-27632 (Figure 1A).
We next examined the effect of RhoA
signaling on Cdc42-induced lamellipodia
formation in N1E-115 cells. Expression
of Cdc42 induced formation of filopodia
and lamellipodia in N1E-115 cells under the conditions where
the constitutively active form of Rac1 (Rac1 CA) induced lamelli-
podia formation (Figures 1B and 1C) as described (Nishimura
et al., 2005). Cdc42 CA-induced lamellipodia formation is medi-
ated by Rac1 (Kozma et al., 1997; Leeuwen et al., 1997; Matsuo
et al., 2003; Nishimura et al., 2005). RhoA CA induced sustained
contraction in N1E-115 cells (data not shown), which made it
difficult to monitor the effect of RhoA on Cdc42-induced lamelli-
podia formation. We used lysophosphatidic acid (LPA) instead
of RhoA CA, because LPA is known to transiently activate RhoA
in N1E-115 cells (Jalink et al., 1994). We confirmed the effect of
LPA and Y-27632 on the activity of Rho-kinase in N1E-115 cells,
which was monitored by phosphorylation of myosin phospha-
tase targeting subunit (MYPT-1) of myosin phosphatase at
Thr853 (Kawano et al., 1999). The addition of LPA induced phos-
phorylation of MYPT-1 in a time-dependent fashion, and treat-
ment with Y-27632 inhibited LPA-induced phosphorylation of206 Developmental Cell 14, 205–215, February 2008 ª2008 Elsevier Inc.
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Disruption of PAR Complex by Rho-KinaseFigure 2. Disruption of PAR Complex Formation
through PAR-3 Phosphorylation by Rho-Kinase
(A) Domain structure and deletion mutants of aPKC,
PAR-6, PAR-3 and Tiam1/2. CRIB, Cdc42/Rac interac-
tive binding; PB1, Phox and Bem1; aPKC BR, aPKC-
binding region; CR1, conserved region 1; PDZ, PSD95/
Dlg/ZO-1; DH, Dbl homology; PHc, C-terminal pleck-
strin homology; PHn, N-terminal pleckstrin homology;
TSS, Tiam1-STEF-SIF homology.
(B and C) Effect of Rho-kinase on PAR complex forma-
tion. COS7 cells were transfected with the indicated
plasmids. Twenty-four hours after transfection, cells
were incubated with or without 30 mM Y-27632 for
30 min. (B) GST- or GST-Cdc42GTPgS-immobilized
beads were incubated with COS7 cell lysate expressing
the indicated proteins. The bound proteins were ana-
lyzed by immunoblotting with anti-GFP and anti-myc
antibodies. GST fusion proteins are indicated by Coo-
massie brilliant blue (CBB) staining. The relative ratio of
PAR-3 and Tiam2 to precipitated Cdc42 is shown at
the bottom. Data are means ± SD of three independent
experiments. (C) COS7 cell lysates expressing the indi-
cated proteins were incubated with anti-GFP antibody.
The bound proteins (IP, 3rd and 4th panels) and coimmu-
noprecipitates (IP, 1st and 2nd panels) were analyzed by
immunoblotting with anti-GFP, anti-myc, and anti-FLAG
antibodies. Protein expression levels in cell lysates are
shown on the left. The relative ratio of PKCl and PAR-6
to immunoprecipitated PAR-3 is shown at the bottom.
Data are means ± SD of three independent experiments.
(D) Effect of LPA on PAR complex formation in N1E-115
cells. Serum-deprived N1E-115 cells were incubated
with or without 30 mM Y-27632 for 30 min and stimulated
with 0.5 mM LPA or saline for 5 min. Cell lysates were in-
cubated with anti-PAR-3 antibody. The bound proteins
(IP, 1st panel) and coimmunoprecipitates (IP, 2nd panel)
were analyzed by immunoblotting with anti-PAR-3 and
anti-PKCz antibodies. The relative ratio of aPKC to im-
munoprecipitated PAR-3 is shown at the bottom. Data
are means ± SD of three independent experiments.MYPT-1 (Figure S1A; see the Supplemental Data available
with this article online). Cdc42 CA-induced lamellipodia forma-
tion was suppressed by treatment with LPA, whereas Cdc42
CA-induced filopodia formation was not (Figures 1B and 1C).
Treatment with Y-27632 affected cell morphology and made
it difficult to assess the effect on filopodia or lamellipodia
formation.
We further examined the antagonisms between RhoA signal-
ing and Cdc42-induced lamellipodia formation in HeLa cells.
Cdc42 CA induced filopodia and lamellipodia formation,
whereas Rac1 CA induced lamellipodia formation alone (Figures
S1B and S1C). RhoA CA induced stress fiber formation. Cotrans-
fection of RhoA CA with Cdc42 CA suppressed lamellipodia for-
mation and induced both stress fiber and filopodia formation
(Figures S1B and S1C). Transfection of Rho-k cat induced stress
fiber formation drastically, making it difficult to assess the effect
on filopodia or lamellipodia formation. Taken together, these
results suggest that RhoA/Rho-kinase suppresses Cdc42-
induced Rac1 activation in COS7, N1E-115, and HeLa cells.DeveDisruption of PAR Complex Formation by Rho-Kinase
PAR-3 binds to PAR-6 via the first PDZ domain, to aPKC via the
aPKC-binding region, and to Tiam1/2 via the first and second
PDZ domain and the coiled-coil domain. PAR-3 also binds to
PAR-6 via aPKC indirectly (Figure 2A) (Ohno, 2001; Suzuki and
Ohno, 2006; Nishimura et al., 2005; Chen and Macara, 2005).
The GTP-bound form of Cdc42 binds to the semi-CRIB domain
of PAR-6. We examined the effect of Rho-kinase on PAR
complex formation. myc-PAR-3, myc-PKCl (an isoform of
aPKC), myc-PAR-6, and Tiam2-DN-GFP were transfected into
COS7 cells, and the cell lysates were incubated with GST-
Cdc42GTPgS-immobilized beads. myc-PAR-3, myc-PKCl,
myc-PAR-6, and Tiam2-DN-GFP were specifically precipitated
with GST-Cdc42GTPgS-immobilized beads (Figure 2B) as de-
scribed (Nishimura et al., 2005), indicating that the GTP-bound
form of Cdc42 recruits the PAR complex, including PAR-3,
PKCl, PAR-6, and Tiam2. When myc-Rho-k cat was cotrans-
fected into COS7 cells, myc-PKCl and myc-PAR-6 were precipi-
tated with the beads, but the amounts of precipitated myc-PAR-3lopmental Cell 14, 205–215, February 2008 ª2008 Elsevier Inc. 207
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Disruption of PAR Complex by Rho-Kinaseand Tiam2-DN-GFPweredramatically reduced. The effectofmyc-
Rho-k cat was canceled by treatment with Y-27632 (Figure 2B).
When GFP-PAR-3 was immunoprecipitated from COS7 cells
expressing GFP-PAR-3, myc-PKCl, myc-PAR-6, and FLAG-
Tiam2-DN, myc-PKCl, myc-PAR-6, and FLAG-Tiam2-DN were
coimmunoprecipitated with GFP-PAR-3 (Figure 2C). When
myc-Rho-k cat was cotransfected, the amounts of coimmuno-
precipitated myc-PKCl and myc-PAR-6 with GFP-PAR-3 were
decreased, whereas the amount of coimmunoprecipitated
FLAG-Tiam2-DN with GFP-PAR-3 was not affected. The inhibi-
tory effect of myc-Rho-k cat was canceled by treatment with
Y-27632 (Figure 2C).
myc-PAR-3 and myc-PAR-6 were coimmunoprecipitated with
GFP-PKCl from COS7 cell lysates expressing GFP-PKCl, myc-
PAR-3, and myc-PAR-6 (Figure S2A). When myc-Rho-k cat was
cotransfected, the amount of myc-PAR-3 coimmunoprecipi-
tated with GFP-PKCl was decreased, whereas the amount of
coimmunoprecipitated myc-PAR-6 with GFP-PKCl was not af-
fected. The effect of Rho-k cat was also abolished by treatment
with Y-27632 (Figure S2A). myc-PAR-3 and myc-PKCl were
coimmunoprecipitated with GFP-Tiam2-DN from COS7 cell ly-
sates expressing GFP-Tiam2-DN, myc-PAR-3, and myc-PKCl
(Figure S2B). When myc-Rho-k cat was cotransfected, the
amount of myc-PKCl coimmunoprecipitated with GFP-Tiam2-
DN was decreased, whereas the amount of coimmunoprecipi-
tated myc-PAR-3 with GFP-Tiam2-DN was not affected. The
effect of Rho-k cat was also counteracted by treatment with
Y-27632 (Figure S2B).
We further examined the effect of Rho-kinase on endogenous
PAR complex formation in N1E-115 cells. aPKC was coimmuno-
precipitated with PAR-3 (Figure 2D). The amount of coimmuno-
precipated aPKC with PAR-3 was decreased by the addition of
LPA, and the inhibitory effect of LPA was canceled by treatment
with Y-27632 (Figure 2D). We could not detect PAR-6 in the im-
munoprecipitates because the expected band was covered with
immunoglobulin G (IgG) in immunoblot analysis. Taken together,
these results indicate that Rho-kinase inhibits the association of
PAR-3 with aPKC, PAR-6, and Cdc42, but not with Tiam2.
Phosphorylation of PAR-3 by Rho-Kinase
We then investigated whether the PAR proteins are phosphory-
lated by Rho-kinase. Various GST-PAR-3 fragments were incu-
bated with recombinant GST-Rho-k cat in the presence of
radiolabeled ATP. GST-PAR-3-1N, GST-PAR-3-2N, and GST-
PAR-3-3N were effectively phosphorylated by Rho-kinase
in vitro, whereas GST-PAR-3-4N was hardly phosphorylated
(Figure 3A). GST-PAR-6 and the His-PKCl kinase-dead mutant
were not phosphorylated by Rho-kinase (data not shown).
We next examined the effect of phosphorylation of PAR-3
on the interaction of PAR-3 with aPKC, PAR-6, and Tiam2.
GST-PAR-3-1N, GST-PAR-3-2N, and GST-PAR-3-3N were stoi-
chiometrically phosphorylated by GST-Rho-k cat and then incu-
bated with rat brain lysates containing aPKC, PAR-6, and Tiam2.
PAR-6 and aPKC were precipitated with GST-PAR-3-2N and
GST-PAR-3-3N, but not with GST-PAR-3-1N (Figure 3B). Phos-
phorylation of GST-PAR-3-3N decreased the association of
aPKC and PAR-6, but phosphorylation of GST-PAR-3-2N did
not affect their association. Because aPKC and PAR-6 interact
with PAR-3 mainly through the 3N region (Figure 3B), phosphor-208 Developmental Cell 14, 205–215, February 2008 ª2008 Elsevierylation of PAR-3-3N by Rho-kinase appears to decrease the
interaction of PAR-3 with aPKC and PAR-6. Tiam2 interacted
with GST-PAR-3-2N, and the phosphorylation of GST-PAR-3-
2N did not affect this interaction (data not shown).
aPKC is known to phosphorylate PAR-3 at Ser827 and Ser829
in the aPKC-binding region, thereby decreasing PAR-3 binding
to aPKC (Figure 3C) (Lin et al., 2000; Nagai-Tamai et al., 2002).
We examined the phosphorylation of GST-PAR-3-3N and
GST-PAR-3-3N-DaPKC, in which the aPKC-binding region is
deleted. The phosphorylation level of GST-PAR-3-3N-DaPKC
by Rho-k cat was much lower than that of GST-PAR-3-3N
(Figure 3D), implying that the major phosphorylation site by
Rho-kinase is within this region. R/KXXS/T or R/KXS/T (X is
any amino acid) is known as the consensus sequence phosphor-
ylated by Rho-kinase (Kawano et al., 1999; Riento and Ridley,
2003), suggesting that potential phosphorylation sites are
Ser827, Ser829, Thr833, and Ser837 (Figure 3C). We produced
GST-PAR-3-3N-827A, GST-PAR-3-3N-829A, GST-PAR-3-3N-
833A, and GST-PAR-3-3N-837A, whose serine/threonine was
replaced by alanine, and examined phosphorylation efficiency.
Phosphorylation of GST-PAR-3-3N by Rho-k cat was dramati-
cally reduced when Thr833 was replaced by alanine (Figure 3E),
suggesting that Thr833 is the major phosphorylation site.
To examine in vivo PAR-3 phosphorylation by Rho-kinase, we
prepared the antibody that specifically recognized PAR-3 phos-
phorylated at Thr833. The specificity of anti-pT833 antibody was
examined by immunoblot analysis. GST-PAR-3-3N phosphory-
lated by Rho-kinase in vitro was specifically detected by anti-
pT833 antibody in a dose-dependent manner (Figure 4A). The
binding was neutralized by preincubation of the antibody with
the antigen phosphopeptide (data not shown). We also con-
firmed that anti-pT833 antibody did not recognize GST-PAR-3-
3N-833A phosphorylated by Rho-kinase (Figure 4A).
We examined whether Rho-kinase phosphorylated PAR-3 at
Thr833 in COS7 cells. Rho-k cat induced PAR-3 phosphorylation,
and RhoA CA induced PAR-3 phosphorylation to a small extent
(Figure 4B). The dominant-negative form RhoA (RhoA DN) had
no effect. Treatment with Y-27632 inhibited Rho-k cat- and
RhoA CA-induced phosphorylation (Figure 4B). We further exam-
ined PAR-3 phosphorylation in N1E-115 cells. LPA induced PAR-
3 phosphorylation in a time-dependent fashion, and Y-27632
inhibited the basal level and the LPA-induced phosphorylation
of PAR-3 (Figure 4C). These results indicate that Rho-kinase
phosphorylates PAR-3 at Thr833 under physiological conditions.
Role of PAR-3 Phosphorylation in Cdc42-Induced
Rac1 Activation
To mimic phosphorylation of PAR-3 by Rho-kinase, Thr833 was
substituted for aspartic acid to produce myc-PAR-3-833D. We
examined the interaction of myc-PAR-3-833D with GFP-PKCl
in COS7 cells. The amount of GFP-PKCl coimmunoprecipitated
with myc-PAR-3-833D was less than that with myc-PAR-3
(Figure 4D). We further examined the effect of PAR-3-3N and
PAR-3-3N-833D on the interaction of GST-PKCl with myc-
PAR-3 in COS7 cells. When GFP-PAR-3-3N was cotransfected,
the interaction of myc-PAR-3 with GST-PKCl was inhibited, in-
dicating that PAR-3-3N prevents the interaction of PAR-3 with
aPKC in a dominant-negative fashion, whereas GFP-PAR-3-
3N-833D did not show the inhibitory effect (Figure 4E). TheseInc.
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by Rho-Kinase In Vitro
(A) Phosphorylation of PAR-3 fragments by Rho-
kinase in vitro. The GST fusion PAR-3-1N, PAR-3-2N,
PAR-3-3N, or PAR-3-4N was incubated with Rho-k
cat for 1 hr in the presence of [g-32P]ATP. The reaction
mixture was subjected to SDS-PAGE, and radioactive
proteins were detected by autoradiography. Asterisks
indicate phosphorylated PAR-3 fragments. The upper
bands show the autophosphorylation of Rho-k cat.
GST fusion proteins are indicated by silver staining
(bottom). White arrowheads indicate GST fusion
proteins.
(B) Effect of the phosphorylation of PAR-3 by Rho-
kinase on the interaction of PAR-3 with the partner
proteins. GST fusion PAR-3 fragments were phos-
phorylated by Rho-kinase in vitro. Phosphorylated or
nonphosphorylated GST protein-immobilized beads
were incubated with rat brain lysate. The bound pro-
teins were analyzed by immunoblotting with the indi-
cated antibodies.
(C) The amino acid sequence of the minimum aPKC-
binding region in rat PAR-3. Potential phosphorylation
sites of Rho-kinase are indicated in bold.
(D) Phosphorylation of the aPKC-binding region of
PAR-3 by Rho-kinase. GST fusion PAR-3-3N or
PAR-3-3N-DaPKC was incubated with Rho-k cat for
1 hr in the presence of [g-32P]ATP. The reaction mix-
tures were subjected to SDS-PAGE, and radioactive
proteins were detected by autoradiography. The upper
bands show the autophosphorylation of Rho-k cat.
GST fusion proteins are indicated by silver staining
(bottom). White arrowheads indicate each GST fusion
protein.
(E) Phosphorylation of PAR-3-3N mutants by Rho-
kinase. The GST fusion PAR-3-3N and PAR-3-3N
mutants were incubated with Rho-k cat for 1, 4, and
10 min in the presence of [g-32P]ATP. The reaction mix-
tures were subjected to SDS-PAGE, and radioactive
proteins were detected by autoradiography. The re-
sults shown are representative of three independent
experiments.results suggest that substitution of Thr833 for aspartic acid
lowers the ability of PAR-3 to interact with aPKC and mimics
the phosphorylation state.
We next examined the effect of myc-PAR-3-833D on Cdc42-
induced Rac1 activation in COS7 cells. We previously reported
that siRNA for PAR-3 specifically knocked down the expression
of PAR-3 by two different PAR-3 siRNAs (siPAR-3#4 and siPAR-
3#6) without affecting the expression of aPKC, Tiam1, and actin
(Figure 5) (Nishimura et al., 2005). Cdc42 CA increased the GTP-
bound form of Rac1, whereas the knockdown of PAR-3 (PAR-3
KD) by siPAR-3#4 and siPAR-3#6 suppressed Cdc42-induced
Rac1 activation (Figure 5B) (Nishimura et al., 2005). myc-PAR-
3 (#4 and #6) and myc-PAR-3-833D (#4 and #6) have silent
mutations and make these constructs resistant to PAR-3 KD
(Nishimura et al., 2005). The effect of siPAR-3#4 was recovered
with myc-PAR-3 (#4) but not with myc-PAR-3-833D (#4)
(Figure 5B), and that of siPAR-3#6 was partially recovered with
myc-PAR-3 (#6) but not with myc-PAR-3-833D (#6).
To further examine the importance of the interaction of PAR-3
with PAR-6/aPKC, we employed PAR-3-3N as the dominant-
negative mutant, because GFP-PAR-3-3N inhibited the interac-Develtion of myc-PAR-3 with GST-PKCl, but GFP-PAR-3-3N-833D
did not inhibit it (Figure 4E). The expression of GFP-PAR-3-3N in-
hibited Cdc42-induced Rac1 activation (Figure 5C) and lamelli-
podia formation (Figure 5D), whereas the expression of GFP-
PAR-3-3N-833D showed much weaker inhibitory effects. Taken
together with the previous findings, these results indicate that
the interaction of PAR-3 with aPKC/PAR-6 is necessary for
Cdc42-induced Rac1 activation, and suggest that phosphoryla-
tion of PAR-3 at Thr833 cancels its function.
Roles of PAR-3 and Its Phosphorylation in Cell Migration
To examine roles of PAR-3 and its phosphorylation in cell migra-
tion, we used the Boyden chamber assay using HeLa cells and
Vero cells, which enabled us to count the cells migrating toward
the extracellular matrix. HeLa and Vero cells moved toward the
fibronectin- or collagen type 1-coated side, but not toward the
nonpyhsiological matrix PDL-coated side, through the pores
(Nishimura and Kaibuchi, 2007). Inhibition of Rho-kinase and
Rac1 CA are known to enhance HeLa cell migration (Nakayama
et al., 2005; Magdalena et al., 2003). Consistently, treatment with
Y-27632 and Rac1 CA enhanced HeLa cell migration towardopmental Cell 14, 205–215, February 2008 ª2008 Elsevier Inc. 209
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Disruption of PAR Complex by Rho-KinaseFigure 4. Phosphorylation of PAR-3 at Thr833 by
Rho-Kinase In Vivo
(A) Specificity of the phosphospecific anti-PAR-3-pT833
antibody. GST-PAR-3-3N (2 pmol) containing the indi-
cated amounts of PAR-3-3N or PAR-3-3N-833A phos-
phorylated by Rho-k cat was subjected to SDS-PAGE.
Immunoblot analysis with anti-PAR-3-pT833 antibody
(upper panel) or anti-GST antibody (lower panel) was
carried out.
(B) Effect of RhoA and Rho-kinase on PAR-3 phsophor-
ylation at Thr833 in COS7 cells. GFP-PAR-3 was trans-
fected together with the plasmids encoding the indi-
cated proteins in COS7 cells. Cells were incubated
with or without 30 mM Y-27632 for 30 min. Cell lysates
were resolved by SDS-PAGE and analyzed by immuno-
blot analysis with anti-PAR-3-pT833 antibody (upper
panel) and anti-PAR-3 antibody (bottom panel).
(C) Effect of LPA on PAR-3 phosphorylation at Thr833 in
N1E-115 cells. Serum-starved N1E-115 cells were stim-
ulated with 0.5 mM LPA for 1, 3, 5, 15, and 30 min with or
without 30 mM Y-27632. Cell lysates were resolved by
SDS-PAGE and immunoblotted with anti-PAR-3-pT833
antibody (upper panel) or anti-PAR-3 antibody (bottom
panel). Relative levels of PAR-3 phosphorylation were
calculated with those of control cells and are shown at
the bottom. The results shown are representative of
three independent experiments.
(D) Interaction of PKCl with PAR-3 and PAR-3-833D.
COS7 cell lysates expressing the indicated proteins were
incubated with anti-myc antibody. The bound proteins
(IP, 2nd and 3rd panels) and coimmunoprecipitates (IP,
1st panel) were analyzed by immunoblotting with anti-
GFP and anti-myc antibodies. Protein expression levels
in cell lysates are shown on the left. The relative ratio of
PKCl to immunoprecipitated PAR-3 is shown at the bot-
tom. Data are means ± SD of there independent experi-
ments.
(E) Effect of PAR-3-3N on the interaction of PAR-3 and
aPKC. COS7 cells transfected with the indicated plas-
mids were incubated with glutathione-Sepharose beads
to precipitate the GST fusion proteins. The bound pro-
teins (pull down, 2nd and 3rd panels) and coprecipitates
(pull down, 1st panel) were analyzed by immunoblotting
with anti-GST, anti-GFP, and anti-myc antibodies. Pro-
tein expression levels in cell lysates are shown in the
left. The results shown are representative of three inde-
pendent experiments.collagen (Figure 6), whereas Rho-k cat, the dominant-negative
form of Rac1 (Rac1 DN), and the dominant-negative form of
Cdc42 (Cdc42 DN) inhibited it (Figure 6A). Cdc42 CA showed
the inhibitory effect, suggesting that the cycling between the
GTP-bound and GDP-bound forms is necessary for HeLa cell
migration. The constitutively active form of FGD-4, which in-
creased the GTP-bound form of Cdc42 in HeLa cells (data not
shown), did not affect the cell migration. These results suggest
that the dramatic increase in the GTP-bound form of Cdc42
does not stimulate the cell migration, but that the basal activity
of Cdc42, which may be stimulated by integrin, is necessary
and sufficient under the conditions. siPAR-3#4 and siPAR-3#6
inhibited HeLa cell migration, and the effect of PAR-3 KD was
recovered with myc-PAR-3 (#4 and #6) but not with myc-PAR-
3-833D (#4 and #6) (Figure 6A). The effect of Y-27632 was can-
celed by PAR-3 KD (Figure 6A), suggesting that the effect of
Y-27632 requires PAR-3. Similar results were obtained when210 Developmental Cell 14, 205–215, February 2008 ª2008 Elsevierthe membrane was coated with fibronectin or Vero cells were uti-
lized (data not shown). Taken together, these results suggest
that PAR-3 and its phosphorylation by Rho-kinase play a critical
role in HeLa and Vero cell migration.
To further examine roles of PAR-3 and its phosphorylation in
polarized cell migration, we used the wound-healing assay in
HeLa cells. After being wounded, HeLa cells in the wound edges
started to polarize and migrate to the opposite sites (Figure 6B).
The typical migrating cells showed polarized morphology, with
a single leading edge facing the wound (Figure 6B) (Ridley
et al., 2003). Treatment with Y-27632 enhanced cell migration
(Figures S3A and S3B and Movies S1 and S2) as described
(Nakayama et al., 2005) and increased membrane lamellar length
in the leading edges (Figures S3A and S3C and Movies S1 and
S2) (Nakayama et al., 2005). PAR-3 KD inhibited cell migration
(Figures S3A and S3B and Movies S1 and S3) and decreased
lamellar length (Figures S3A and S3C and Movies S1 and S3).Inc.
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Disruption of PAR Complex by Rho-KinaseWe then determined the localization of PAR-3 and its phos-
phorylated form in migrating HeLa cells. Immunoreactivity of
PAR-3 was diffusely observed in the cytoplasm and slightly en-
riched in the leading edge (Figures 6B and 6C), and treatment
with PAR-3 KD caused the immunoreactivity to disappear (Fig-
ure S3D). Treatment with Y-27632 did not appear to affect the
localization of immunoreactivity (Figures 6B and 6C). Immunore-
activity of PAR-3 phosphorylated at Thr833 was also diffusely ob-
served in the cytoplasm and slightly enriched in the leading edge,
and it disappeared after treatment with Y-27632 (Figures 6D and
6E and Figure S4A). We confirmed that MYPT-1 phosphorylated
at Thr853 was localized in the leading edge as described (Kawano
et al., 1999), and it disappeared after treatment with Y-27632 (Fig-
ures S4B and S4C). Immunoblot analysis revealed that phosphor-
ylation levels of PAR-3 and MYPT-1 were increased after wound-
ing, and such increases were eliminated after treatment with
Y-27632 (Figure S4D). These results suggest that PAR-3 and its
phosphorylation at Thr833 control proper leading edge formation.
Figure 5. Suppression of Cdc42-Induced Rac1 Activation
and Lamellipodia Formation by PAR-3 Phosphorylation at
Thr833
(A) Effect of small interfering RNA (siRNA) on PAR-3 expression.
COS7 cell lysates transfected with the indicated siRNA were ana-
lyzed by immunoblotting with the indicated antibodies.
(B) Effect of PAR-3 KD and PAR-3-833D on Cdc42-induced Rac1
activation. COS7 cells transfected with the indicated siRNAs, plas-
mids, and GFP-Rac1-wild-type (WT) were incubated with GST-
PAK-CRIB to precipitate the GTP-bound form of Rac1. Amounts
of GTP-bound and total Rac1 were determined by immunoblotting
with anti-GFP antibody. The relative ratio of Rac1-GTP to total
Rac1 is shown at the bottom. Data are means ± SD of at least three
independent experiments.
(C) Effect of PAR-3-3N on Rac1 activation. COS7 cells transfected
with the indicated plasmids and GFP-Rac1-wild-type (WT) were
incubated with GST-PAK-CRIB to precipitate the GTP-bound
form of Rac1. Amounts of GTP-bound and total Rac1 were deter-
mined by immunoblotting with anti-GFP antibody. The relative
ratio of Rac1-GTP to total Rac1 is shown at the bottom. Data are
means ± SD of at least three independent experiments.
(D) N1E-115 cells were transfected with the indicated plasmids,
fixed, and stained with anti-GST antibody (to visualize the cotrans-
fected GST) and with phalloidin (to visualize F-actin). GST-positive
cells were scored by the presence of lamellipodia. Data are
mean ± SD of at least three independent experiments. Asterisks
indicate that there is a significant difference from the value of con-
trol cells with lamellipodia (*p < 0.05).
Role of PAR-3 and Its Phosphorylation in
Front-Rear Polarity during Cell Migration
A migrating cell has front-rear polarity for directional
and persistent migration (Ridley et al., 2003). The
PAR-3-Tiam1 complex has been shown to control
front-rear polarity in directional migration of keratino-
cytes (Pegtel et al., 2007). To examine roles of PAR-3
and its phosphorylation in front-rear polarity of migrat-
ing cells, Vero cells were suspended and plated on
fibronectin-coated surfaces to induce front-rear polar-
ization (Nishimura and Kaibuchi, 2007). We then deter-
mined the localization of phosphorylated PAR-3 in
a single migrating Vero cell. The immunoreactivity of
phosphorylated PAR-3 was observed not only in the leading
edge but also in the central and rear regions of the cytoplasm
of the migrating Vero cell, whereas immunoreactivity was elimi-
nated by treatment with Y-27632 (Figure 7A).
To further investigate the roles of PAR-3 and its phosphoryla-
tion, Vero cells transfected with the siRNA were suspended and
plated on fibronectin-coated surfaces. About 60% of Vero cells
had a large single leading edge and single tail with the front-
rear polarized morphology (Figures 7B and 7C). PAR-3 KD by
siPAR-3#4 and siPAR-3#6 increased the ratio of the cells having
multiple small leading edges without front-rear polarity (Figures
7B and 7C). The effect of siPAR-3#4 and siPAR-3#6 was re-
stored with myc-PAR-3 (#4 and #6) but not with myc-PAR-3
833D (#4 and #6). Treatment with Y-27632 increased the number
of the cells having multiple small leading edges (data not shown)
as previously reported (Pegtel et al., 2007). Taken together,
these results suggest that PAR-3 and its phosphorylation at
Thr833 control front-rear polarity during cell migration.Developmental Cell 14, 205–215, February 2008 ª2008 Elsevier Inc. 211
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Disruption of PAR Complex by Rho-KinaseFigure 6. Phosphorylation of PAR-3 by Rho-Kinase during Cell Migration
(A) Effect of Rho family GTPases, Rho-kinase, and PAR-3 on cell migration in a Boyden chamber assay. HeLa cells were transfected with the indicated siRNA
and/or plasmids, cultured for 48 hr, and then subjected to a Boyden chamber assay in the presence or absence of Y-27632. The membrane of lower side of the
upper chamber was coated with collagen type 1. Data are means ± SD of five independent experiments. Asterisks indicate that there is a significant difference
from the value of control cells (*p < 0.05).
(B–E) Localization of PAR-3 and phosphorylated PAR-3 in migrating cells. Confluent HeLa cells were wounded, cultured for 4 hr in the presence or absence of
30 mM Y-27632, and subjected to immunostaining with anti-PAR-3 or anti-PAR-3-pT833 antibody. Colors indicate F-actin (red [B and D]), PAR-3 (green [B]), and
PAR-3-pT833 (green [D]). The enlarged images of the boxed area are shown. Scale bar, 20 mm. Fluorescence intensity profiles along with lines in the pictures in
(B) and (D) are shown in (C) and (E), respectively. L.E. indicates leading edge.DISCUSSION
RhoA/Rho-Kinase-Inhibited Rac1 Activation
We found here that Rho-kinase phosphorylated PAR-3 at Thr833
downstream of RhoA, and thereby inhibited its interaction with
aPKC, PAR-6, and Cdc42. Activated Cdc42 directly interacts
with PAR-6 (Joberty et al., 2000; Lin et al., 2000), and PAR-3
directly interacts with Tiam1/2 (Nishimura et al., 2005; Chen
and Macara, 2005; Mertens et al., 2005). PAR-3 and its binding
to aPKC/PAR-6 are necessary for Cdc42-induced Rac1 activa-
tion (Nishimura et al., 2005). Thus, the dissociation of PAR-3
from aPKC and PAR-6 appears to inhibit the signal from
Cdc42 to Rac1 activation through Tiam1/2.
Gerard et al. (2007) have recently reported that aPKC activity is
necessary for Cdc42-mediated Rac1 activation. They predicted
that aPKC phosphorylated Tiam1. Consistently, we found that
aPKC phosphorylated Tiam1 in a cell-free system (data not212 Developmental Cell 14, 205–215, February 2008 ª2008 Elseviershown). Moreover, we found that knockdown of aPKC, the dom-
inant-negative form of aPKC, and aPKC inhibitor inhibited Cdc42-
induced Rac1 activation (Figure S5). We also found that aPKC
was coimmunoprecipitated with Tiam2, whereas the expression
of Rho-k cat disrupted this association (Figure S2B). Taken to-
gether, these results suggest that aPKC is necessary for Tiam1
activation, presumably through phosphorylation, and that Rho-
kinase prevents the activation process through disruption of the
interaction between aPKC and Tiam1/2. We have recently found
that Rho-kinase phosphorylates Tiam2, resulting in its dissocia-
tion from microtubule-associated protein 1B (Map1B) (Takefuji
et al., 2007). The phosphorylation of Tiam2 by Rho-kinase neither
affected the GEF activity of Tiam2 in vitro nor the interaction of
Tiam2 with PAR-3 (data not shown). The specific interaction of
Tiam2 with Map1B as well as PAR-3 is of importance for the reg-
ulation of Tiam2 activity. Further studies are necessary to under-
stand how Rho-kinase regulates the GEF activity of Tiam1/2.Inc.
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Disruption of PAR Complex by Rho-KinaseFigure 7. Phosphorylation of PAR-3 in Single-Cell Migration
(A) Localization of phosphorylated PAR-3 in migrating Vero cells. Vero cells were reseeded on fibronectin-coated coverslips for 24 hr, cultured for 15 min in the
presence or absence of 30 mM Y-27632, fixed, and stained with anti-PAR-3-pT833 antibody. Colors indicate F-actin (red) and PAR-3-pT833 (green). The results
shown are representative of three independent experiments.
(B and C) Effect of PAR-3 KD on front-rear polarity. (B) Vero cells transfected with siRNA or the indicated plasmids were reseeded on fibronectin-coated cov-
erslips for 24 hr, fixed, and stained with phalloidin (to visualize the F-actin). Scale bar, 20 mm. (C) Quantification of polarized cells. The ratio of the cells that
had no leading edge, a single leading edge, or multiple leading edges were shown. Data are means ± SD of at least three independent experiments. Asterisks
indicate that there is a significant difference from the value of the cells that have a single leading edge in control (*p < 0.05).Possible Roles of Phosphorylation of PAR at Sites
Different from the aPKC-Binding Region
We found here that Rho-kinase also phosphorylated PAR-3-1N
(Figure 3A). PAR-1 is known to phosphorylate PAR-3 at Ser144
and to recruit 14-3-3z and 14-3-33, resulting in the prevention of
dimerization and functions of PAR-3 (Kemphues et al., 1988;
Hurd et al., 2003; Benton and St Johnston, 2003). Replacement
of Ser144 with alanine diminished the phosphorylation of PAR-
3-1N (data not shown), suggesting that Rho-kinase phosphory-
lates PAR-3-1N at Ser144. We also found that phosphorylation
of PAR-3-1N by Rho-kinase increased the association with 14-
3-3z and 14-3-33 and decreased the association with PAR-3
(data not shown). Because dimerization of PAR-3 is required for
its cellular functions (Kemphues et al., 1988; Hurd et al., 2003;
Benton and St Johnston, 2003),Rho-kinaseappears to phosphor-
ylate PAR-3 and prevent its dimerization and functions. We found
here that Rho-kinase phosphorylated PAR-3-2N (Figure 3A), and
this phosphorylation did not affect the interaction of PAR-3-2N
with aPKC and PAR-6 (Figure 3B). Further studies are necessary
to understand the functional roles of these phosphorylations.DeveRoles of RhoA/Rho-Kinase and the PAR Complex
in Polarized Cell Migration
We found here that PAR-3 is heavily phosphorylated at Thr833 in
the central and rear regions of polarized migrating cells, and
this phosphorylation is diminished by treatment with Y-27632
(Figure 7A), suggesting that RhoA/Rho-kinase phosphorylates
PAR-3 there. Consistently, RhoA activity is higher in the central
and rear portions than in the front area in the migrating cells (Ridley
etal., 2003; Pertzetal., 2006).PAR-3KD induced the cells intohav-
ing multiple small leading edges without front-rear polarity, and the
effect of PAR-3 KD was rescued by RNAi-resistant PAR-3 but not
with PAR-3-833D (Figures 7B and 7C). Treatment with Y-27632
also induced the cells into having multiple small leading edges.
Thus, the phosphorylation of PAR-3 by Rho-kinase may prevent
Rac1 activation and lamellipodia formation at the leading edge
to control front-rear polarity and directional migration (Figure S6).
We also found that Rho-kinase phosphorylated PAR-3 in the
leading edge of polarized migrating cells. This is consistent
with the previous observations that RhoA and Rho-kinase are
activated in both leading edge and rear regions in the migratinglopmental Cell 14, 205–215, February 2008 ª2008 Elsevier Inc. 213
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Disruption of PAR Complex by Rho-Kinasecell (Kawano et al., 1999; Pertz et al., 2006). What is the physio-
logical significance of PAR-3 phosphorylation in the leading
edge? We speculate that spatio-temporal on-off regulation of
Rac1 activity is necessary for proper cell migration. During cell
migration, the adhesion signal from integrin may activate Rac1
through PAR-3 in Cdc42-dependent and -independent manners
(Figure S6). Integrin also activates RhoA and thereby Rho-kinase
(O’Connor et al., 2000). Rho-kinase phosphorylates PAR-3 and
in turn disrupts the PAR complex, which can prevent overactiva-
tion of Rac1. In support of this, the treatment of HeLa cells with
Rho-kinase inhibitor enhanced lamellar length and cell migration
(Figures S3A–S3C). This pathway may serve as a local negative
feedback signal to control the leading edge.
EXPERIMENTAL PROCEDURES
Materials
See the Supplemental Data.
Plasmid Construction
The mutants PAR-3-3N-827A, PAR-3-3N-829A, PAR-3-3N-833A, PAR-3-3N-
837A, and PAR-3-833D were generated with a site-directed mutagenesis kit
(Stratagene, La Jolla) by changing Ser827, Ser829, Thr833, and Ser837 into al-
anine, and Thr833 into aspartic acid. The fragment cDNAs encoding PAR-3
mutants were subcloned into pGEX (Amersham Pharmacia Biotech, Bucking-
hamshire, UK) or pCAGGS-myc-kk1 as described previously (Nishimura et al.,
2005). Protein production and purification were performed as described previ-
ously (Nishimura et al., 2005).
siRNA Transfection and Rescue Experiments
siRNA transfection and rescue experiments were carried out as described
previously (Nishimura et al., 2005). siRNA-resistant PAR-3 was generated by
changing the targeted sequence of siPAR-3 (#4 or #6) to the sequence
50-GTGAAATTGAGGTCACGCC-30 (#4) or 50-GGCATGAAACGTTGGAAG-30 (#6)
(mutated nucleotides are underlined) by PCR-based site-directed mutagenesis.
Pull-Down Assays
The phosphorylation of the GST fusion proteins was carried out as described
previously (Kawano et al., 1999). Rat brain (P6 and P7) was extracted by the
addition of lysis buffer (20 mM Tris-HCl [pH 8.0], 1 mM EDTA, 150 mM NaCl,
1 mM dithiothreitol, 1 mM phenyl methylsulphonyl fluoride, 10 mg ml1 leupep-
tin, 0.5 mM calyculin A, 0.5 mM okadaic acid, and 1.0% NP-40) and then clar-
ified by centrifugation at 100,000 3 g for 30 min at 4C. The soluble superna-
tants were incubated with the indicated GST fusion proteins for 1 hr at 4C. The
GST fusion proteins were then precipitated with glutathione-Sepharose beads
(Amersham Pharmacia Biotech). The beads were washed three times with lysis
buffer, eluted by boiling in SDS-PAGE sample buffer, and then subjected to
immunoblot analysis with the indicated antibodies. The Rac1 pull-down assay
was performed as described previously (Nishimura et al., 2005).
Immunoprecipitation
COS7 cells transfected with the indicated plasmids or N1E-115 cells were ex-
tracted by the addition of lysis buffer (20 mM Tris-HCl [pH 8.0], 1 mM EDTA,
150 mM NaCl, 1 mM dithiothreitol, 1 mM phenyl methylsulphonyl fluoride,
10 mg ml1 leupeptin, 0.5 mM calyculin A, 0.5 mM okadaic acid, 0.1% SDS,
0.1% DOC, and 1.0% NP-40) and then clarified by centrifugation at 100,0003
g for 30 min at 4C. The soluble supernatants were incubated with the indi-
cated antibodies for 1 hr at 4C. Immunocomplexes were then precipitated
with protein A-Sepharose 4B (Amersham Pharmacia Biotech). The immuno-
complexes were washed three times with lysis buffer, eluted by boiling in
SDS-PAGE sample buffer, and then subjected to immunoblot analysis with
the indicated antibodies.
Cell Culture and Immunofluorescence Analysis
Cell culture and immunofluorescence analysis were carried out as described
previously (Nishimura et al., 2005). The wound-healing assay and Boyden214 Developmental Cell 14, 205–215, February 2008 ª2008 Elsevierchamber assay were performed as described previously (Nakayama et al.,
2005). ‘‘Leading edge’’ was defined as previously reported (Small et al., 2002).
Statistics
Results are expressed as the means and SD. Differences between two exper-
imental groups were assessed by unpaired t test, and differences between mul-
tiple groups were assessed by Dunnett’s multiple comparison test. A p value of
less than 0.05 was considered statistically significant. The data without statis-
tical analysis are representative of at least three independent experiments.
Supplemental Data
Supplemental Data include six figures, three movies, and Supplemental
Experimental Procedures and can be found with this article online at http://
www.developmentalcell.com/cgi/content/full/14/2/205/DC1/.
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